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[57] ABSTRACT

A progressive power lens series in which the surface of
each lens body has first and second vision portions
which differ in power in accordance with a power
curve which lies entirely in the y-z plane of a Cartesian
coordinate system and which is the umbilical portion of
the principal meridian of the progressive surface with
the curvature of the surface in at least one of said vision
portions spreading away from the power curve in ac-
cordance with a spreading function defined by the inter-
section of nested non-bipolar conic sections or nested

hyperbolic cosines with the x-y plane of the coordinate
system. -

24 Claims, 13 Drawing Sheets
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1
PROGRESSIVE LENS SERIES

FIELD OF THE INVENTION

- The invention is in the field of ophthalmic lenses and
more particularly it relates to new series of progressive
lenses.

BACKGROUND OF THE INVENTION

Presbyopia is a condition of the human eye which
increases with age and which requires correction for
near distance vision. An individual suffering from this
condition may aiso require correction for far distance
vision. In efforts to provide a single lens incorporating
corrections for both near and far distance, there have
been developed progressive lenses.

Winthrop U.S. Pat. No. 4,861,153 issued Aug. 29,
1989, discusses various progressive lens designs of the
prior art. This patentee describes the defect of many
such lenses as failing to provide visual continuity being,
in effect, similar to trifocal lenses. Other efforts of the
prior art to produce progressive lenses are said to pro-
duce results in which the aberration level is substantial
or which are objectionably astigmatic.

With the foregoing in mind, Winthrop sets out to
develop a progressive addition spectacle lens with the
smoothest possible distribution of dioptric power and
the lowest possible level of unwanted astigmatism. In so
doing, Winthrop provides a family or series of lenses in
which the entire progressive surface can be considered
to be generated by the curve of intersection formed
between a sphere of variable radius and a corresponding
cylinder of variable diameter. In the resultant lens, the
distance and near vision “areas’” are mathematical
points so that the astigmatism is distributed over the
entire area of the lens and thus is minimized. These
distance and near power points are connected by an
umbilic line of progressive dioptric power. These
points, moreover, comprise the poles of a bipolar sys-
tem of surface power contours.

-While Winthrop provides a progressive lens having
visual continuity and a low level of unwanted astigma-
tism, his teaching 1s limited to a single family or series of
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hereinabove.

SUMMARY OF THE INVENTION

One object of my invention is to provide novel series

of progressive lenses which overcome the defects of sg

progressive lenses of the prior art.

Another object of my invention is to provide novel
series of progressive lenses having low minimum values
of surface astigmatism.

A further object of my invention is to provide novel
series of progressive lenses having low average astigma-
tism.

Still another object of my invention is to provide
progressive lens series, the spreading functions of which
‘are defined by nested non-bipolar conic sections.

Still another object of my invention is to provide
progressive lens series, the spreading functions of which
are determined by families of nested hyperbolas.

A still further object of my invention is to provide
progressive lens series, the spreading functions of which
are determined by families of nested parabolas.

A still further object of my invention is to provide
progressive lens series, the spreading functions of which
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are determined by the families of nested non-bipolar and
non-harmonic circles.

Yet another object of my invention is to provide
progressive lens series, the spreading functions of which
are determined by families of nested ellipses.

A still further object of my invention is to provide
progressive lens series, the spreading functions of which
are defined by families of nested hyperbolic cosines.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings to which reference is
made in the instant specification and in which like refer-
ence characters are used to indicate like parts in the
various views:

FIG. 1 is a plot showing one example of a power
curve for a progressive lens.

FIG. 2A is a plot of hyperbolic spreading functions

for a given set of parameters of a progressive lens in
accordance with my invention.

FIG. 2B is a plot of the “mean add” or amount by
which the spherical-equivalent optical power exceeds
the distance optical power for a lens having the spread-
ing functions of FIG. 2A. |

FIG. 2C is a plot of the surface astigmatism of a lens
having the spreading functions of FIG. 2A.

FIG. 3A is a plot of parabolic spreading functions for

a given set of parameters of a progressive lens in accor-
dance with my invention.

FIG. 3B is a plot of the “mean add” or amount by
which the spherical-equivalent optical power exceeds
the distance optical power for a lens having the spread-
ing functions of FIG. 3A.

FIG. 3C 1s a plot of the surface astigmatism of a lens
having the spreading functions of FIG. 3A.

FIG. 4A is a plot of non-bipolar circular spreading
functions for a given set of parameters of a progressive
lens in accordance with my invention.

FIG. 4B is a plot of the “mean add” or amount by
which the spherical-equivalent optical power exceeds

the distance optical power for a lens having the spread-
ing functions of FIG. 4A.

FIG. 4C is a plot of the surface astigmatism of a lens
having the spreading functions of FIG. 4A

FIG. SA is a plot of hyperbolic cosine spreading
functions of a progressive lens in accordance with my
invention.

F1G. 5B is a plot of the “mean add” or amount by
which the spherical-equivalent optical power exceeds
the distance optical power for a lens having the spread-
ing functions of FIG. 5A. |

FIG. 5C 1s a plot of the surface astigmatism of a lens
having the spreading functions of FIG. SA.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

As 1s known in the art, a new surface of progressive
optical power incorporated in a progressive addition
lens may be generated by the technique of mathemati-
cally extracting slices from a multiplicity of surfaces,
commonly spheres, and assembling the slices to form
the surface. The multiplicity of surfaces is established
by a “power curve” which is a plane curve of varying
curvature lying wholly in the Y, Z plane. The slicing
and assembling are governed by families of mathemati-
cal functions called “spreading functions”.

Referring now to FIG. 1, I have shown one example
of a power curve between the points (0, C, Z1) and (0,
—C, Z2) in a Cartesian coordinate system. As will
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readily be apparent from the plot of FIG. 1, the power
curve lies entirely in the Y-Z plane.

After the power curve has been determined, the
spreading functions are used to spread the curvature of
the power curve away from the power curve, thus to
generate the surface of progressive optical power. This
is done by associating with each pair of coordinates X,
Y of the spreading functions one and only one point on
the power curve and linking X and Y up with a coordi-
nate Z coming from one hemisphere of the sphere, a
great circle of which is the osculating circle of the
power curve at that unique point. The resultant point
(X, Y, Z2), so determined, lies on the surface of progres-
sive optical power and the multiplicity of such points
define the surface.

As is well known, a conic section in the X-Y plane
whose vertex is at the origin and whose vertex radius of
curvature is the constant r is defined by the equation:

x2 4+ (14 k)y? —2ry=0 (D)
where k is the conic constant which determines the type
of conic. For k>0, the conic is an ellipse; for k=01t 1s
a circle; for —1<k<01itis an ellipse; fork=—11t1sa
parabola; and for k< —1 1t 1s a hyperbola.

I have discovered that a generalized form of equation
(1) can be used to define the spreading functions for
generating a surface of progressive optical power to
produce a progressive lens having visual continuity as
well as a low minimum value of surface astigmatism and
a low average astigmatism.

The generalized form of equation (1) 1s:

x24+(14+ kX |y| — b2 —2n(|y} —b)=0 )
where k=k(a,c) i1s a variable conic constant, b=b(a,c) is
a variable y-intercept, r=r(a,c) is a variable radius, “a”
is a running parameter and c is a number which fixes the
end points of the power curve.

For a given choice of the functions k(a,c), b(a,c) and
r(a,c), as the parameter “a” runs through the range of
values proper to the choice, equation (2) completely
fills space with nested sheet-like surfaces, each of which
intersects the x-y plane in one or another conic section
to define spreading functions which can be used to
generate surfaces of progressive optical power.

It will be appreciated that the variable radius of cur-
vature function r{a,c) can be constructed in various
ways. However, r must be infinite when the y-intercept
of the spreading function i1s zero and must approach
zero as the y-intercept of the spreading function ap-
proaches the end points c,-c of the power curve.

There are given below a number of numerical exam-
ples for producing vanous progressive lens surfaces.
Each of the examples is for an 80 mm diameter lens
blank made from a material having a refractive index of
1.498. The distance optical power 1s + 6.00 diopters and
the near optical power is 8.00 diopters. Thus, the power
add is 2.00 diopters. It will readily be appreciated that
the examples given below are illustrative only and that
my invention contemplates other diameters, materials,
refractive indices, powers and adds.

Associated with each of the numerical examples de-
fined hereinbelow are figures in three parts A, B, and C.
Part A which is an x-y plot in millimeters over the
extent of the lens surface shows the appearance of the
spreading function. That is to say, it correlates any x,y
point on the surface of the lens with a certain y axis
intercept corresponding to a point on the power curve.
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It thus determines the sagitta value z at the particular
x,y coordinate in question.

Part B shows the “mean add” which is defined as the
amount in diopters by which the spherical-equivalent
optical power exceeds the distance optical power.
Again, the plot is in the x,y plane over the extent of the
lens and the “mean add” is indicated in 0.25 diopter
steps.

Part C, which again is a plot in the x,y plane over the
extent of the lens with the x and y dimensions in milli-

meters, shows the surface astigmatism with the con-
tours being drawn at 0.50 diopter intervals.

EXAMPLE 1

FIG. 2A shows the hyperbolic spreading functions
defined by:

0 =g=1

¢c = 12 mm

1 — .7255 — 1/a2

k = 7225

b = ac

, = (c/.7223) {1 — az}

a

It will readily be appreciated that a particular curve
of FIG. 2A is arrived at by first selecting a value of “a”
between zero and 1 and arriving at numerical values for
k, b and r. These values are then substituted in equation
(2) and the plot cf the curve is obtained by, for example,
solving the equation for values of x corresponding to
various values of the magnitude of y. The other curves
of FIG. 1A are similarly arrived at for other values of

(1 . )

a

FIG. 2B shows the mean add of the resulting surface
when the power curve is selected as the involute of a
circle. It will thus be seen that the power law combined
with the spreading functions of FIG. 2A completely
define the surface of the progressive lens. FIG. 2C
shows the surface astigmatism of a lens surface pro-
duced in accordance with FIGS. 2A and 2B. It is to be
noted that the maximum astigmatism in FIG. 2C is 1.34
D, the two points of such maximum astigmatism being
at x=+/—37 mm and y= — 16 mm. The average astig-
matism represented by the plot of FIG. 2C is 0.79 D.

EXAMPLE II

Referring now to FIG. 3A, I have shown the para-
bolic spreading functions defined by:

0=a=1

c=12 mm

k=—1

‘b=ac

r=2c (1—a?)/a

The curves of FIG. 3A are arrived at in the manner
described hereinabove in connection with FIG. 2A.
Again, FIG. 3B shows the mean add of the resulting
surface when the power curve is the involute of a circle.
FIG. 3C shows the surface astigmatism of a surface
formed in accordance with FIGS. 3A and 3B. In con-
nection with FIG. 3C it will be noted that maximum
astigmatism is 1.30 D occurring at two points of x of
+/—26 millimeters and y — 31 millimeters. The aver-
age astigmatism is 0.73 D.
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EXAMPLE I1i1

Referring now to FIG. 4A, I have shown non-bipolar
circular spreading functions defined by:

0=a=l 5

c=19 mm

k=0

b=ac

r=0.373c(1 —a2)/a

Again, a particular curve of FIG. 4A is defined by
equation (2) with the values of ¢, a, b and r correspond-
ing to a particular value of *“a” substituted therein. |

FIG. 4B shows the mean add of the resulting surface
when the power curve is such as to cause the curvature ;4
and hence the optical power to be linear in the y coordi-
nate.
- FIG. 4C shows the surface astigmatism for a surface

generated in accordance with FIGS. 4A and 4B. As

shown by FIG. 4C, in this configuration the maximum
value of the surface astigmatism is most remarkable,
being 0.56 D occurring at x=10 millimeter and y=zero.
It is noted that this maximum value of 0.56 D is a mere
28% of the add power of 2 D. Also remarkable in this
embodiment is the low average astigmatism of 0.25 D. 23

I have discovered that one particular embodiment of
my invention has the property of satisfying Laplace’s
equation and thereby being harmonic. This is the set of
confocal hyperbolas found for example in elliptic coor-
dinates. They correspond to e=1 in Example I or in the
instance in which:

c=arbitrary

k=—1/a?

b=ac

r=c(l—a?)/a

It is to be noted that while none of the above exam-
ples uses a conic constant which gives rise to ellipses or
which varies enough to mix two or more types of conic
sections in one surface, such is contemplated in accor-
- dance with my invention.

Another embodiment of my invention utilizes the
hyperbolic cosign to define the spreading functions. In
this case, the general equation is:
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iyl = beosh /N br)

where cosh (u)=(e¥4e—¥)/2 so that (3) becomes
50

| 4)
(x/ Vb—r) —{x W)
e T4 e ]

ly| = 3

55
where

b=0b(a,c) is a variable y-intercept

r=r (a,c) is a variable radius of curvature

a is a running parameter

c is a number which fixes the end points of the power

curve )

As the parameter ‘““a’” runs through the range of val-
ues appropriate to a given choice of the functions b and
r, equation (4) completely fills space with nested sheet-
like surfaces which intersect the x-y plane in a variety of 65
hyperbolic cosigns. These surfaces can then be used as
spreading functions to generate surfaces of progressive
optical power.

6

EXAMPLE IV

Referring now to FIG. SA, I have shown the hyper-
bolic cosine spreading functions defined by:

O=a=1

c=12 mm

b=ac

r=3c(l—a?) /a

As before, in plotting any one of the curves of FIG.
SA, one first selects a value of “a’” between zero and 1
and substitutes the corresponding values of ¢, band rin
equation (4). Values of the magnitude of y for various

values of x are calculated and the resultant curve is
plotted.

FIG. 5B is a plot of the mean add of the surface re-
sulting from the spreading functions of FIG. SA when
the power curve is the involute of a circle.

FI1G. 8C shows surface astigmatism. It will be seen
that the maximum astigmatism for a surface formed in
accordance with FIGS. 5A and 5B is 1.51 diopters
while the average is 0.74 diopter.

As has been pointed out hereinabove in generating a
progressive lens surface for the examples given above,
for any point x,y on the A plot one merely goes to the
y-intercept of the curve on which the point lies to deter-
mine the proper sagitta z from the power curve. In this
way all points on the progressive surface are deter-
mined.

It will readily be appreciated that the spreading func-
tions developed in accordance with my invention can
be used with a wide range of power curves and power
laws 1ncluding those which give rise to harder designs.
By harder designs are meant those in which surface
astigmatism 1S concentrated in smaller areas down and
to each side of the lens as a rule.

It will be seen that I have accomplished the objects of
my invention. I have provided novel series of progres-
sive lenses which overcome the defects of progressive
lenses of the prior art. My progressive lenses have low
minimum values of astigatism. They have low average
astigmatism. The spreading functions of my lenses may
be non-bipolar conic sections such as hyperbolas, parab-
olas, circles and ellipses. They may be hyperbolic co-
sines. |

It will be understood that certain features and sub-
combinations are of utility and may be employed with-
out reference to other features and subcombinations.
This 1s contemplated by and is within the scope of my
claims. It is further obvious that various changes may be
made 1n details within the scope of my claims without
departing from the spirit of my invention. It is, there-
fore, to be understood that my invention is not to be
Iimited to the specific details shown and described.

Having thus described my invention, what 1 claim is:

1. A progressive power ophthalmic lens comprising a
lens body with a progressive power surface having a
first vision portion and a second vision portion, the
power of one of said portions being different from the
other in accordance with a power curve which lies
entirely in the y-z plane of a Cartesian coordinate sys-
tem and which is the umbilical portion of the principal
meridian of said progressive surface, the curvature of
said surface in at least one of said vision portions spread-
ing away from said power curve in accordance with a
spreading function defined by the intersection of nested

non-bipolar conic sections with the x-y plane of said
coordinate system. -
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2. A lens as in claim 1 in which said conic sections are

hyperbolas.
3. A lens as in claim 1 in which said conic sections are

parabolas.
4. A lens as in claim 1 in which said conic sections are

circles.
8. A lens as in claim 1 in which said conic sections are

ellipses.
6. A lens as in claim 1 in which said spreading func-
tions are defined by the relationship

2414k ((p| =P —2r (|y| —4)=0

where the variable conic constant k=k(a,c), the vari-
able y-intercept b=b(a,c), the variable radius of curva-
ture r=r(a,c), a is a running parameter and c is a which

fixes the end points of the power curve.
7. A lens as in claim 6 in which said conic sections are

hyperbolas.
8. A lens as in claim 7 in which

1 — 7225 — /a2

Zag=l,¢e=12mm k= =353

b = acand r = c/. 72251 — g2

a

9. A lens as in claim 8 in which the maximum astigma-
tism is about 1.34 diopters.

10. A lens as in claim 9 in which the average astigma-
tism is about 0.79 diopter.

11. A lens as in claim 6 in which said conic sections

are parabolas.
12. Alens asin claim 11 1in which0=a=1, c=12 mm,

k=—1, b=ac and r=[c/2(0.50)?] (1—a?/a.
13. A lens as in claim 12 in which the maximum astig-

matism is about 1.30 diopters.
14. A lens as in claim 13 in which the average astig-

matism is about 0.73 diopter.
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15. A lens as in claim 6 in which said conic sections
are circles.

16. A lens as in claim 15 in which0=a=1,c=19 mm,
k=0, b=ac and r=0.373¢c (1 —a?)/a.

17. A lens as in claim 16 in which the maximum value
of surface astigmatism is about 0.56 diopter.

18. A lens as in claim 17 in which the average astig-
matism is about 0.25 diopter.

19. A lens as in claim 7 in which c is arbitrary,
k= —1/a2, b=ac and r=c(1 —a?)/a.

20. A progressive power ophthalmic lens comprising
a lens body with a progressive power surface having a
first vision portion and a second vision portion, the
power of one of said portions being different from the
other 1n accordance with a power curve which lies
entirely in the y-z plane of a Cartesian coordinate sys-
tem and which is the umbilical portion of the principal
meridian of said progressive surface, the curvature of
said surface in at least one of said vision portions spread-
ing away from said power curve in accordance with a
spreading function defined by the intersection of nested
hyperbolic cosines with the x-y plane of said coordinate
system. -

21. A lens as in claim 20 in which said spreading
function is defined by the relationship

(x/ “-b:) ~{x V?r)
Be +e ]

l-vl = p]

where the varniable y-intercept b=b(a,c), the variable
radius of curvature r=r (a,c), a is a running parameter
and c is a number which fixes the end points of the
power curve.

22. A lens as in claim 21 in which 0=a=1 where
c=12 mm, b=ac and r=3c(1 —a?)/a.

23. A lens as in claim 22 in which the maximum sur-
face astigmatism is about 1.51 diopters.

24. A lens as in claim 23 in which the average astig-

matism is about 0.74 diopter.
¥x 2 =% % =
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